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Summary  Measurement  of  two-phase  ﬂow  pressure  drop  and  its  prediction  across  curved
tubes and  bends  is  important  for  the  enhancement  of  the  performance  and  safety  of  the  heat
exchangers  and  ﬂow  transmitting  devices.  The  comparative  study  of  some  of  the  available
two-phase  pressure  drop  correlations  reveals  that  the  predicted  values  of  pressure  drops  by
these leading  methods  may  differ  by  large.  The  applicability  of  these  correlations  to  the  small
diameter tubes  of  range  4.0—8.0  mm  and  different  bend  angles  of  the  range  90—180◦ is  not  fully
established.  The  basic  objective  of  the  present  experimental  investigation  is  to  generate  the
experimental  data  to  develop  the  uniﬁed  correlation  applicable  for  the  small  diameter  tubes  of
range 4.0—8.0  mm  and  different  bend  angles  of  the  range  90—180◦.  Hence,  experimental  facility
was developed  to  conduct  the  experiments  to  generate  the  data  and  to  assess  the  predictive
capability  of  some  of  the  available  two-phase  pressure  drop  correlations.  It  was  observed  that
the correlations  considered  for  comparisons  were  unable  to  satisfactorily  predict  the  measured
experimental  data  within  the  ±50%  error  bands.  A  new  correlation  is  developed  in  terms  of
curvature multiplier  to  the  straight  tube  two-phase  pressure  drop.  The  correlation  is  validated
with the  present  measured  experimental  data.  The  statistical  analysis  suggests  that  correlation
shows satisfactory  results.
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eliable  and  accurate  prediction  of  two-phase  pressure  drop
s  important  in  design  and  analysis  in  many  process  indus-
ries  for  the  enhancement  of  safety  and  performance  of
quipments  such  as  boilers,  condensers,  heat  exchangers,
ir  conditioning  units.  Curved  tubes  and  bends  of  different
icle under the CC BY-NC-ND license (http://creativecommons.org/
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Nomenclature
dP
dx
pressure  drop  in  x  direction,  Pa/m
A  constant
D  internal  tube  diameter,  m
eR mean  deviation,  %
f  friction  factor
G  mass  ﬂux,  kg/m2s
g  gravitational  constant,  m/s2
L  length  of  bend,  m
m  mass,  kg/s
P  pressure,  N/m2
Q  volumetric  ﬂow  rate,  m3/s
R  radius  of  curvature  of  bend,  m
Re  Reynolds  no.
V  velocity,  m/s
We  Weber  no.
x  quality,  dryness  fraction  or  gas  fraction
Greek  letters
P  pressure  drop  between  two  points,  N/m2
  curvature  multiplier  in  the  proposed  correla-
tion
  bend  angle  in  degree
N standard  deviation,  %
Subscripts
a  accelarational
f  frictional
G  gas
g  gravitational
Hom  homogeneous
L  liquid
SP  single  phase
TP  Two-phase
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ngles  ranging  from  90◦ to  180◦ in  different  orientations  are
idely  employed  in  heat  exchangers  and  ﬂow  transmitting
evices.  Two-phase  ﬂow  in  a  bend  is  more  difﬁcult  to  ana-
yse  than  that  of  the  straight  tube  due  to  curvature  which
enerates  a  centrifugal  force  and  causes  the  denser  phase
i.e.,  liquid)  to  move  away  from  the  centre  of  curvature,
hile  the  air  ﬂows  towards  the  centre  of  curvature.
The  ﬁrst  study  on  two-phase  pressure  drops  in  return
ends  was  conducted  by  Pierre  (1964),  who  proposed  a
orrelation  based  on  experiments  includes  effects  of  fric-
ion  and  turning.  Geary  (1975)  with  R-22  using  various  bend
eometries  pointed  to  the  importance  of  the  centre-to-
entre  distance  and  developed  model  based  on  friction
actor  and  vapour  ﬂow.  Chisholm  (1983)  and  Paliwada  (1992)
roposed  correlations  for  two-phase  pressure  drops  in  return
ends.  Chen  et  al.  (2004a)  and  Chen  et  al.  (2004b)  studied
ater—air  mixture  and  R-410A  ﬂows,  respectively,  through
ifferent  bend  geometries  and  studied  the  effect  of  liquid
urface  tension  and  gas  inertia.  Domanski  and  Hermes  (2008)
roposed  a  new  correlation  for  two-phase  ﬂow  pressure  drop
n  180◦ return  bends  which  consist  of  a  two-phase  pressure
rop  for  straight  tubes  and  a  multiplier  that  accounts  for  the
end  curvature.  Padilla  et  al.  (2009)  collected  325  pressure
rop  data  points  of  three  different  ﬂuids  (R-12,  R-134a  and
d
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-410A)  measured  in  return  bends  from  the  literature  and
eveloped  a  correlation.
Experimental  investigations  have  been  carried  out  by
andal  and  Das  (2001)  to  evaluate  the  two-phase  pressure
rop  across  different  types  of  bends  (45◦,  90◦, 135◦,  180◦)
n  the  horizontal  plane  for  gas-Newtonian  liquid  ﬂow.  They
sed  test  section  with  internal  diameter  of  19  mm  and  length
f  4.5  m.  Azzi  et  al.  (2005)  carried  out  an  experimental
tudy  of  air—water  ﬂow  pressure  loss  in  a  vertical  elbow
end  and  proposed  a  prediction  model  based  on  a  two-phase
ow  multiplier.  Silva  et  al.  (2010)  investigated  two-phase
ressure  drop  in  elbow  bends  by  comparing  their  experi-
ental  results  with  homogeneous,  Lockhart  and  Martinelli
1949)  and  Chisholm  (1983).  Sookprasong  (1980),  Chisholm
1983), and  Paliwada  (1992)  developed  correlations  based
n  two  phase  multiplier  method.  It  is  also  observed  from  the
pen  literature  that  predicted  values  of  pressure  drops  by
hese  leading  methods  may  differ  by  large.  The  applicability
f  these  correlations  to  the  small  diameter  tubes  of  range
.0—8.0  mm  and  different  bend  angles  of  the  range  90—180◦
s  not  fully  established  (Autee,  2014).  Small  diameter  tubes
re  used  for  manufacturing  of  heat  transfer  equipments  to
mprove  the  performance  and  reduce  the  mass  of  working
ubstance.
The  basic  objective  of  the  present  work  is  to  study  and
nvestigate,  both  experimentally  and  analytically,  the  char-
cterization  of  the  two-phase  pressure  drop  across  the  bends
f  different  angles  in  horizontal  orientation  and  compari-
on  of  the  measured  experimental  data  with  the  predicted
alues,  estimated  by  some  of  the  widely  used  available  two-
hase  pressure  drop  correlations,  to  assess  their  predictive
apabilities  in  the  present  range  of  the  experimental  param-
ters.  Finally,  new  correlation  is  developed  using  measured
xperimental  data.
xperimental facility
he  experimental  set-up  was  designed  and  fabricated  to
onduct  adiabatic  air—water  two-phase  ﬂow  experiments  in
mall-diameter  test  sections  at  different  orientations  and
mall  diameter  tube  bends  (Autee,  2014).  This  experimen-
al  set-up  consists  of  air  and  water  circuit  as  shown  in  Fig.  1.
ir  pressure  is  measured  by  bourdon  pressure  gauge  and
t  is  controlled  by  the  air  bass  pass  valve.  Water  is  sup-
lied  by  water  pump  and  its  ﬂow  is  controlled  by  the  water
y  pass  valve.  Air  and  water  ﬂow  is  measured  by  the  Rota
eter,  connected  in  series  with  air  and  water  line  respec-
ively.  Measured  quantity  of  air  and  water  is  mixed  in  mixing
hamber.  Test  section  is  connected  after  mixing  chamber.
ir—water  mixture  coming  out  from  the  test-section  is  col-
ected  in  the  water  tank.  In  the  water  tank  air  gets  separated
nd  the  water  is  re-circulated.  Differential  pressure  trans-
ucers  measure  pressure  at  inlet  of  test  section  and  across
he  bends.  Data  acquisition  system  records  pressure  drop
ata.  Five  angles  of  bends  viz.:  90◦,  112◦, 135◦,  157◦,  180◦
ith  40  mm  curvature  radius  and  glass  tubes  of  internal
iameter  6.4  and  8.4  mm  were  used  during  the  investi-
ation  with  2R/D  ratio  of  10.95  and  14.21.  The  air  and
ater  ﬂow  rates  are  varied  within  the  range  7.5—77.3  and
50.3—1554.24  kg/m2s  respectively.
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Material  used  for  test  section  is  glass  tubes  of  6.4  and
8.4  mm  internal  diameter.  The  bending  of  glass  tube  is  skilled
art  and  requires  special  equipments.  Wooden  pattern  of
required  angle  and  curvature  radius  are  specially  prepared
and  used  to  bend  circular  glass  tube.  Care  was  taken  during
bending  operation  that  the  diameter  of  the  tube  remains
constant  throughout  the  test  section.
Fig.  2(a)  shows  the  detail  of  the  straight  tube  test  sec-
tion  before  bending.  Section  1  is  the  entrance  to  the  test
section,  section  2  is  the  upstream  pressure  tap,  section  3  is
downstream  pressure  tap  and  section  4  is  the  exit  from  the
test  section.  A  distance  of  0.2  meter  is  kept  between  the
entrance  and  upstream  pressure  tap  to  have  fully  developed
ﬂow.  Section  2  is  located  where  curvature  begins  and  section
3  is  0.2  m  apart  from  it.  A  stabilization  length  of  0.15  m  is
kept  downstream  the  section  3  to  avoid  the  back  pressure.
The  position  of  section  3  changes  as  per  the  angle  of  bend
while  section  2  is  ﬁxed.  Fig.  2(b)  shows  the  sectional  view
of  test-section  whereas  Fig.  2(c)  shows  the  photographic
view  of  one  of  the  test-section  (112◦)  after  bending  to  the
required  angle  and  curvature  of  radius.
Comparisons of the experimental data with
existing correlations
The  experimental  data  is  compared  with  some  of  the
available  two-phase  pressure  drop  correlations  from  open
literature  to  assess  their  predictive  capabilities.  The  corre-
lations  considered  for  the  comparison  for  90◦ are  Chisholm
(1983),  Silva  et  al.  (2010),  Sookprasong  (1980),  Paliwada
(1992)  and  Mandal  and  Das  (2001).  Fig.  3(a)  shows  the  com-
parisons  of  the  experimental  pressure  drop  with  predicted
pressure  drop  values  for  the  diameter  of  6.4  mm  using  the
correlations  considered  for  comparisons.  It  can  be  observed
that  none  of  the  above  correlation  satisfactorily  predicts  the
experimental  pressure  drop  with  the  exception  of  Silva  et  al.
(2010)  correlation.
The  correlations  considered  for  180◦ return  bends  are
Padilla  et  al.  (2009),  Chen  et  al.  (2004b),  Geary  (1975),
Chisholm  (1983),  Mandal  and  Das  (2001).  Fig.  3(b)  shows  the
c
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t of  experimental  set-up.
omparisons  of  the  experimental  pressure  drop  with  pre-
icted  pressure  drop  values  for  the  tube  diameter  of  8.4  mm
sing  the  correlations  considered  for  comparisons.  Domanski
orrelation  over  predicts  the  most  of  data  and  91.66%  data
ies  outside  the  prescribed  bands.  Statistical  error  analysis
hows  eR of  443.88%  and  N of  17.7%.  It  can  be  concluded
rom  the  above  discussion  that  correlations  considered  for
omparisons  fails  to  predict  the  present  experimental  data
atisfactorily.  Though,  Chen  et  al.  (2004b)  and  Geary  (1975)
orrelation  for  180◦ bend  predicts  the  present  measured
xperimental  data  for  diameter  of  6.4  mm  reasonably  well
ut  fails  to  predict  for  the  diameter  of  8.4  mm  satisfacto-
ily.  Similar  conclusion  can  be  drawn  for  Silva  et  al.  (2010)
orrelation  for  90◦ bend.  Generalized  correlation  developed
y  Mandal  and  Das  (2001)  for  different  angles  in  horizontal
lane  is  unable  to  predict  the  data  satisfactorily  for  present
ange  of  the  angles  and  diameters  of  bend.  Hence,  it  is  felt
ppropriate  to  develop  the  new  correlation  to  predict  the
resent  measured  experimental  data  (Fig.  4).
evelopment of new correlation
ressure  drop  within  bend  can  be  treated  as  the  sum  of  three
eparate  components:  friction,  momentum  change  and  grav-
ty  hence  can  be  expressed  as  follows.
dP
dx
=
[
dP
dx
]
f
+
[
dP
dx
]
a
+
[
dP
dx
]
g
(1)
The  present  experimental  investigation  for  various  bends
nd  diameters  is  carried  in  horizontal  orientation.  There-
ore  gravitational  effects  are  to  be  neglected.  Also,  the
ube  diameter  is  uniform  across  the  test  section  hence
omentum  or  acceleration  component  is  to  be  neglected.
herefore,  only  frictional  pressure  drop  is  considered  in  the
resent  analysis.
It is  observed  from  the  open  literature  that  mutual  and
omplicated  interaction  of  inertial,  viscous,  gravitational,
urface  tension  forces  has  large  inﬂuence  on  two-phase  pres-
ure  drop.  However,  parameters  such  as  diameter  of  the
ube,  radius  of  the  curvature  also  required  to  be  considered
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Figure  2  Sectional  and  photographic  view  of  test  section.
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Figure  3  Comparison  of  some  of  the  existing  correlations  with  experimental  data  for  90◦ elbows  of  diameter  6.4  mm  and  180◦
return  bend  of  8.4  mm.
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Figure  4  Comparison  of  proposed  correlations  with  experimental  data  (validation)  for  all  bends  of  diameter  6.4  mm  and  8.4  mm.
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in  calculation  of  two-phase  pressure  drop  in  bends.  Hence,
a  simpliﬁed  physical  concept  is  needed  for  development  of
the  new  correlation.
The  curvature  multiplier  method  adopted  by  Padilla
et  al.  (2009)  and  Domanski  and  Hermes  (2008),  is  based  on
straight  tube  two-phase  pressure  drop  estimated  by  Muller-
Steinhagen  and  Heck  (1986)  correlation.  This  simple  method
is  used  in  the  modelling  of  two-phase  pressure  drop  across
the  different  bends  in  the  present  investigation.  Accord-
ing  to  Muller-Steinhagen  and  Heck  (1986),  the  two-phase
pressure  drop  in  a  straight  tube  is  predicted  considering
the  pressure  drops  of  liquid  and  vapour  phases,  which  are
calculated  separately
dP
dl
∣∣∣∣
k
=  2 fk
D
G2
k
(2)
where  k  stands  for  l  or  v,  and  fk =  0.079  Re−0.25k using  vapour
or  liquid  properties,  as  appropriate.  The  pressure  drops
computed  for  each  phase  are  combined  by  the  following
equation:
dP
dl
∣∣∣∣
s−t
=
[
dP
dl
∣∣∣∣
L
+  2x
(
dP
dl
∣∣∣∣
v
− dP
dl
∣∣∣∣
L
)]
(1  −  x)1/3
+ dP
dl
∣∣∣∣
v
x3 (3)
where  the  index  s −  t denotes  the  straight-tube  pressure
drop.  The  curvature  multiplier  ‘’  is  deﬁned  as
˝  =
[
dP
dl
∣∣
bend
dP
dl
∣∣
st.
]
(4)
where dP
dl
∣∣
st.
is  estimated  by  Muller-Steinhagen  and  Heck
(1986)  equation.
Half  of  the  experimental  data  obtained  is  used  for  train-
ing  the  model  and  remaining  is  used  to  validate  the  model.
Values  of    are  obtained  from  the  above  equation.  Multiple
linear  regression  analysis  is  carried  out  for  experimental  val-
ues  so  obtained.  The  following  expression  is  obtained  using
the  regression  analysis  and  it  is  having  R2 value  of  0.9.  The
expression  obtained  for    is  as
˝  =  A
[
x−0.619Re−1.2176L
(
2R
D
)−2.5403]
(5)
where  A  =  1.453  ×  106.
Statistical  analysis  of  the  correlation  suggests  that  it  is
having  acceptable  accuracy.  The  proposed  correlation  shows
mean  deviation  and  standard  deviation  as  22.31%  and  3.97%
respectively.  It  has  been  observed  that  75%  of  the  exper-
imental  data  predicted  by  the  proposed  correlation  lies
within  the  ±30%  error  bands  (Giri,  2014).Conclusions
The  predictive  capabilities  of  some  of  the  two-phase  pres-
sure  drop  correlations  for  90◦ elbows  and  180◦ return  bends
Smeter  bends  625
vailable  from  open  literature  were  assessed  by  compar-
ng  with  present  measured  experimental  data.  It  has  been
ound  that  none  of  the  correlation  was  able  to  predict  the
resent  experimental  data  satisfactorily.  However,  it  has
een  observed  that  some  of  the  available  two-phase  pres-
ure  drop  correlations  studied  has  reasonable  predictive
apability  for  one  diameter  of  particular  type  of  bend  at
ne  instance  but  fails  for  other  diameters.  Hence,  a  new
orrelation  is  proposed  for  the  curvature  multiplier  to  the
traight  tube  two-phase  pressure  drop.  The  statistical  anal-
sis  suggests  that  the  correlation  is  of  acceptable  accuracy
or  the  present  experimental  range  of  the  parameters.
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